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ABSTRACT
Excessive growths of algae can cause significant disruption of critical water
resource usages including: drinking, irrigation, recreation as well as be aesthetically
displeasing. Water resource managers are often compelled to take action to mitigate these
nuisance algal infestations. Algaecides can be efficient and effective management options
to rapidly suppress algal blooms and restore water usages. However, laboratory and field
data are required to accurately predict responses to an application as well as potential
risks to non-target organisms. Laboratory experiments were used to measure the
responses of problematic algae to algaecide exposures and evaluate the margin of safety
to sensitive, non-target organisms. These experiments allowed for prediction and
translation of an effective exposure to a specific field situation. The formulation of a
specific algaecide, water characteristics, and the distinct alga can influence an exposure
and subsequent response. Data regarding efficient and effective use of algaecides can
alleviate the obstructions incurred from algal infestations and restore critical water
resource usages.
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CHAPTER ONE
INTRODUCTION
When the presence of problematic algae impedes usages of critical water
resources, water resource managers are often compelled to take action. Nuisance algal
growths are occurring at greater intensities and frequencies worldwide (Hallegraeff
1993). Excessive growths of algae can cause significant disruption of critical water
resource usages including: drinking, irrigation, recreation as well as be aesthetically
displeasing (Paerl 1988; Hoagland et al. 2002, Landsberg 2002; Briand et al. 2003).
Numerous species of algae also produce toxins which can pose risks to humans, domestic
pets, livestock, and wildlife associated with the water resource (WHO 1993; Falconer
1999; Carmichael et al. 2001; Zurawell et al. 2005). Resource managers evaluate all
practical and legal management options such as mechanical, biological, physical and
chemical management strategies. However, when critical water resource usages are
obviated by nuisance algal species and require immediate action, often algaecides are an
efficacious, time efficient, economically viable, and environmentally sound management
technique (Mastin et al. 2002).
Different species of algae as well as different strains within a species may be
distinct in their responses to algaecide exposures. Since algaecides differ in terms of
formulation and active ingredient, responses of algae likely also vary. In order to
maximize the efficacy of an algaecide application, data on the sensitivities of algae to
exposures are needed. Laboratory studies can facilitate prediction of effective field
treatments, although laboratory results must be confirmed in field studies. If an
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ineffective product is applied or excessive concentrations (i.e. greater than the
concentration required to achieve control) of an effective product are applied, then nontarget species may be unnecessarily exposed. In large water bodies with multiple uses,
ineffective treatments increase resource expenditure (i.e. time, cost, product, equipment)
and potential non-target species risks. By understanding the sensitivities of algae through
laboratory exposures (Fitzgerald 1964) efficacious field applications can be implemented
that maximize the margin of safety for non-target species. The margin of safety is defined
as the difference between the concentration at which control of the algae was attained and
the lower threshold concentration causing adverse effects on non-target species (MurrayGulde et al. 2002).
Conceptually, one could envision that the response of an algal cell or population
at a specific site is a function of the critical burden (i.e. amount of active ingredient in or
on the algae that will achieve control; Murray-Gulde et al. 2002). If the critical burden is
measured then the total amount of algaecide required to obtain control of the algae can be
estimated. Change in algal density, within or between sites, causes the amount of
algaecide required for control to change concomitantly. Hypothetically, predictions of
algaecide application efficacy can be more accurately assessed by measuring the critical
burden of the targeted algae and applicable algaecides.
To advance the science of water resource management in terms of problematic
algae, the following experiments are proposed. The first experiment examines responses
of targeted algae as well as non-target animal species to algaecide exposures. This
research provides information that can be used in an initial risk assessment for decision
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making regarding the consequences of action (i.e. algaecide application) or no action (i.e.
allow algal infestation to run its course). The next experiment compares responses of a
problematic alga infestation to similar algaecide exposures in the laboratory and field.
This research provides information on the utility of laboratory predictions of effective
field treatments for the targeted alga at a specific site. The final experiment examines the
response of an alga based upon exposures to different copper algaecide formulations. If
the concentration of copper in the exposure water is the same for different copper
algaecide formulations, and the response of the algae differs, it is likely the amount of
copper that partitions to the algae (i.e. dose) differs concomitantly. This research may
provide data to support the notion that not all copper algaecides elicit the same response
and the efficacy is likely due to the dose of copper the alga receives.
Experiment One Objectives
This research is focused on responses of potential target algal species as well as
non-target animal species to exposures of Algimycin®-PWF. Specific objectives of this
research are to 1) measure responses of potential target algal species (i.e. Ankistrodesmus
falcatus (Corda), Cymbella tumida (Brebisson), Desmidium sp., Eudorina elegans
(Ehrenberg), Haematococcus pluvialis (Flotow), Microcystis aeruginosa (Kutz.), Nostoc
punctiforme (Kutzing), and Pandorina charkowiensis (Korschikov) to exposures of
Algimycin®-PWF in 96-hour laboratory toxicity tests; 2) measure responses of non-target
animal species (i.e. Ceriodaphnia dubia (Richard), Daphnia magna (Straus), Hyallela
azteca (Saussure), Lepomis macrochirus (Rafinesque), and Pimephales promelas
(Rafinesque)) to exposures of Algimycin®-PWF in 96-hour laboratory toxicity tests; and
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3) contrast responses of target algal and non-target animal species to Algimycin®-PWF
exposures.
Experiment Two Objectives
The overall objective of this research is to evaluate an approach for targeted
management of Lyngbya magnifica in a farm pond in Pickens County (Six Mile, SC) by
comparing responses of this alga to similar laboratory and field algaecide exposures. The
specific objectives of this research are to: 1) measure responses of Lyngbya magnifica
from Dr. Horace Skipper’s Pond to exposures of Algimycin®-PWF, Cutrine® -Ultra,
Clearigate®, and Phycomycin® in 7-day laboratory toxicity tests; 2) discern differences in
potencies for each algaecide and identify an efficacious algaecide for field application; 3)
treat Lyngbya magnifica in the field with the most efficacious algaecide and contrast
responses with similar laboratory exposures; and 4) monitor the duration of control and
need for subsequent treatments.
Experiment Three Objectives
The overall objective of this research is to illustrate the fundamental concept of
exposure, dose, and consequent response of Lyngbya wollei to exposures of copper
algaecides for efficient, effective, and reliable management. The specific objectives are 1)
to determine the mass of copper from the algaecide formulations Algimycin®-PWF,
Clearigate®, and copper sulfate pentahydrate where response of L. wollei from two
different sites is saturated (i.e. critical burden); 2) to relate the response of L. wollei to the
mass of copper adsorbed or absorbed (i.e dose) and to the concentration of copper in the
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exposure water; and 3) to relate the mass of copper required to achieve control to the
mass of L. wollei present.
Organization of Thesis
For purposes of this thesis the details of these experiments are presented in
subsequent chapters. Chapter Two is targeted for submission to the Journal of Aquatic
Plant Management; Chapter Three is targeted for submission to Ecotoxicology and
Environmental Safety; and Chapter Four is targeted for submission to the journal,
Archives of Environmental Contamination and Toxicology.
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CHAPTER TWO
COMPARATIVE RESPONSES OF TARGET AND NON-TARGET SPECIES TO
EXPOSURES OF A COPPER-BASED ALGAECIDE

Abstract
In order for water resource managers to make informed, risk-based decisions for
algaecide applications; data regarding the sensitivities of targeted algal species and
potential non-target animal species are needed. The objective of this research was to
measure the responses of eight potential target algal species (Cymbella tumida,
Ankistrodesmus falcatus, Haematococcus pluvialis, Pandorina charkowiensis, Eudorina
elegans, Nostoc punctiforme, Microcystis aeruginosa and Desmidium sp.) and five nontarget animal species (Lepomis macrochirus, Pimephales promelas, Hyallela azteca,
Daphnia magna, and Ceriodaphnia dubia) to exposures of Algimycin®-PWF in 96-h
laboratory toxicity tests. In these aqueous exposures to Algimycin®-PWF, the diatom (C.
tumida) and planktonic green algae (A. falcatus and H. pluvialis) were significantly more
sensitive than the colonial blue-green algae and the filamentous green alga. For the
animal species, the microcrustaceans (C. dubia and D. magna) were significantly more
sensitive than the amphipod and fish species. These results indicate a range of
sensitivities to Algimycin®-PWF exposures within and between algal and animal species.
The specific characteristics of each site can influence the success of an application as
well as the risks incurred by the non-target species.
Key Words: Algimycin®-PWF, toxicity, risk management, algae, fish, invertebrates
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Introduction
Copper-based algaecides, in a variety of formulations, are widely used to control
problematic algal blooms in water resources (Oliveira-Filho et al. 2004). Responses of
algal species to copper formulations may vary widely depending upon both water
constituents that affect exposures and characteristics of the algal species (Fitzgerald
1964; Murray-Gulde et al. 2002). As data regarding the sensitivity of algal species to
exposures of a copper algaecide become available, informed decisions can be made
regarding the potential efficacy that can be expected from an application in the field.
Potential adverse effects on non-target species are important factors influencing a
decision to control the growth of nuisance algae in a water resource using a copper-based
algaecide. Unconfounded laboratory tests of responses of sensitive non-target species to
algaecide exposures can provide data to estimate potential risks of an application. By
comparing the concentration required to control the target algal species with the
concentration eliciting adverse effects to non-target species, water resource managers can
make a decision with an estimate of the margin of safety (MOS; Johnson et al. 2008)
associated with an application.
Although the aqueous toxicity of copper sulfate pentahydrate has been thoroughly
studied (Kosalwat and Knight 1987; Nor 1987; Flemming and Trevors 1989; Masuda and
Boyd 1993) the toxicity of copper formulations differ significantly (Stauber and Florence
1987; Mastin and Rodgers 2000; Murray-Gulde et al. 2002). Algimycin®-PWF is a water
soluble liquid, copper-based algaecide/cyanobacteriocide containing 5.0% copper in a
weakly chelated (copper-citrate and copper gluconate chelates) formulation of copper
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sulfate pentahydrate. Algimycin®-PWF is a U.S. Environmental Protection Agency
registered algaecide (EPA Reg. No. 7364-09-8959) that can be applied at a maximum
concentration of 1 ppm copper (5.31 gallons/ acre-ft) to control a variety of genera of
algae and cyanobacteria. Algimycin®-PWF is an NSF (National Sanitation Foundation)
certified algaecide (ANSI-NSF 60) and can be used in potable water reservoirs, irrigation
conveyance systems, ponds, lakes, canals, ditches, and laterals. No water use restrictions
after application are present on the label including fish consumption (Applied
Biochemists 2006; Applied Biochemists 2007).
This research focused on responses of potential target algal species as well as
non-target animal species to exposures of Algimycin®-PWF. Specific objectives of this
research were to 1) measure responses of potential target algal species (i.e.
Ankistrodesmus falcatus (Corda), Cymbella tumida (Brebisson), Desmidium sp.,
Eudorina elegans (Ehrenberg), Haematococcus pluvialis (Flotow), Microcystis
aeruginosa (Kutz.), Nostoc punctiforme (Kutzing), and Pandorina charkowiensis
(Korschikov) to exposures of Algimycin®-PWF in 96-h laboratory toxicity tests; 2)
measure responses of non-target animal species (i.e. Lepomis macrochirus (Rafinesque),
Pimephales promelas (Rafinesque), Hyallela azteca (Saussure), Daphnia magna (Straus),
and Ceriodaphnia dubia (Richard)) to exposures of Algimycin®-PWF in 96-h laboratory
toxicity tests; and 3) contrast responses of target algal and non-target animal species to
Algimycin®-PWF exposures.
Materials and Methods
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Algal species used for these experiments were obtained from the University of
Texas at Austin culture collection. All algae, with the exception of M. aeruginosa, were
cultured in U.S. Environmental Protection Agency (USEPA) nutrient medium (Lewis et
al. 1994) with reduction of the chelating agent, disodium ethylenediamine tetra-acetate
(EDTA), to avoid copper sequestration. M. aeruginosa was cultured in BG-11 nutrient
media (Berberoglu et al. 2008). Glass beads (Sigma Chemical Co. St. Louis, MO 63178)
were added to C. tumida growth vessels to provide a binding substrate and an essential
micronutrient (Silica). Testing was initiated upon achieving sufficient densities (105-106
cells/mL; USEPA 1994, Franklin et al. 2000).
Animal care and testing followed standard protocols under supervision of an
IACUC committee and at an AAALAC accredited institution (Clemson University). L.
macrochirus were obtained from Aquatic Research Organisms (Hampton, NH) and held
for 10 days before testing. P. promelas, H. azteca, D. magna, and C. dubia were obtained
from cultures at Clemson University that have been maintained over 30 years. A
minimum of 20 organisms of each animal species were exposed to treatments in glass
vessels of a sufficient size to eliminate potential density-mediated and water quality (i.e.
dissolved oxygen, ammonia, etc.) impacts to exposures (USEPA 1996a, b; Table 1).
All organisms were cultured and tested at a temperature of 23 ± 2° C under a 16
hour light/8 hour dark photoperiod illuminated by cool white fluorescence lighting at an
intensity of 3100 +/- 100 lux. Organisms were exposed to a range of concentrations of
copper as Algimycin®-PWF in 96-h toxicity experiments (Tables 1 and 2; Lewis et al.
1994, CFR 2004). Moderately hard laboratory water was used for both culturing and
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testing of all organisms and water characteristics were measured prior to test initiation
and at test conclusion according to standard methods (APHA 2005).
Responses of algal species measured included cell densities and chlorophyll a
differences in treatments compared to untreated controls. Cell densities were measured
using an improved neubauer hemocytometer (Hausser Scientific Co. Horsham, PA
19044) and chlorophyll a was measured fluorometrically using a SpectraMax®M2
spectrophotometer (Molecular Devices Corp. Sunnyvale, CA 94089; APHA 2005). The
measured response of L. macrochirus, P. promelas, H. azteca, D. magna, and C. dubia
was the difference in mortality in treatments versus controls.
Stock solutions used for these experiments were prepared less than 4 hours prior
to experiment initiation by diluting Algimycin®-PWF (Applied Biochemists, Inc.,
Germantown,WI) with NANOpure™ water. Exposure solutions were prepared from the
stock solutions using moderately hard laboratory water. Exposure concentrations of
copper as Algimycin®-PWF for all algal species tested were: background, 100, 200, 400,
600, 800, and 1,000 μg Cu/ L (Table 2). Exposure concentrations of copper as
Algimycin®-PWF for C. dubia were: background, 5, 10, 20, 30, 50, 70, 100, and 150 μg
Cu/L; D. magna were: background, 1, 3, 5, 10, 30, 50, and 100 μg Cu/L; H. azteca were:
background, 100, 200, 400, 600, 800, 1,000, and 2,000 μg Cu/L; L. macrochirus were:
background, 500, 1,000, 5,000, 10,000, 15,000, 20,000, 40,000, and 100,000 μg Cu/L;
and P. promelas were: background, 10, 100, 200, 500, 750, 1,000, 2,000, and 3,000 μg
Cu/L (Table 1).
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Copper concentrations in exposure solutions were verified by measuring acidsoluble copper concentrations in samples of exposure solutions prior to experiment
initiation and at experiment conclusion (APHA 2005). Copper concentrations of exposure
solutions for animal species were measured using a graphite furnace atomic absorption
spectrometer (Perkin-Elmer 5100 PC, Waltham, MA; APHA 2005). Copper
concentrations for algal experiments were measured using Inductively Coupled PlasmaAtomic Emission Spectrometry (ICP-AES) according to standard methods (APHA 2005).
Exposure-response relationships were developed for each organism. For the
animal species, lowest observed effect concentrations (LOEC) and lethal concentration
values for 50% of the exposed organisms (96-h LC50) were calculated by probit or
trimmed Spearman-Karber analysis. Effect concentration values for 50% and 90%
decrease in chlorophyll a (96-h EC50, EC90) compared to untreated controls for the algal
species were calculated using probit analysis. Responses of species were compared
graphically and statistically using regression and ANOVA, with further differences
identified with a Tukey’s post hoc test.
An important consideration for field use of algaecides is the margin of safety
(MOS) for non-target species (Murray-Gulde et al., 2002). Effective algaecide
concentrations for control of algae were compared to toxicity data for non-target species
of fish and invertebrates to calculate margins of safety. For this study, the margin of
safety was calculated as follows:

MOS =Concentration eliciting adverse effects for non-target organisms (96-h LC50)
Effective concentration for control of algae (96-h EC90)
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Thus a MOS <1 indicates potential risks for non-target species, while a MOS ≥ 1
indicates less potential for adverse effects to non-target species (Table 3).
Results
Measured acid-soluble copper concentrations were within 93% to 109% of target
copper concentrations, therefore LOEC, LC50, and EC90 values were calculated from the
target copper concentrations. In instances where LOEC values could not be calculated or
determined from linear regression analysis (P. promelas, H. azteca, and D. magna), the
lowest exposure concentration significantly different from the control was reported as the
LOEC. Non-target animal species were not fed, or fed minimally, to maximize the
bioavailability of copper by decreasing available ligands (Sprague 1985, Taylor et al.
1998, Kim et al. 1999). Exposure water characteristics remained constant throughout the
duration of the experiments (pH 7 ± 1.5, DO 8 ± 2 mg O2/L, temperature 23 ± 2 C,
conductivity 130-350 μS/cm2, alkalinity 40-80 mg CaCO3/L, hardness 40-90 mg
CaCO3/L).
All species of algae tested were controlled by exposures of Algimycin®-PWF less
than ≤ 730 µg Cu/L in 96-h toxicity tests. Chlorophyll a concentrations and cell densities
for all algal species significantly decreased following the 96-h exposures at the EC90
values(effective concentration for 90% decrease in chlorophyll a compared to untreated
controls; Figures 1 and 2). 96-h EC90 values, in µg Cu/L, ranged from 110 for C. tumida
to 730 for Desmidium sp. (Table 4). C. tumida and A. falcatus were significantly more
sensitive than H. pluvialis and P. charkowiensis and those four species were more
sensitive than E. elegans, N. punctiforme, M. aeruginosa and Desmidium sp. (α = 0.05).
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In 96-h static, non-renewal exposures of Algimycin®-PWF, L. macrochirus was
the least sensitive species with an LC50 of 67,000 µg Cu/L followed by H. azteca with an
LC50 of 390 µg/L, and P. promelas with an LC50 of 250 µg/L. C. dubia and D. magna
were the most sensitive species to Algimycin®-PWF exposures with LC50 values of 48
and 4.6 µg Cu/L, respectively (Figure 3). The LOEC values, in µg Cu/ L, were: 29,400
for L. macrochirus, 100 for H. azteca, 10 for P. promelas, 15 for C. dubia, and 1 for D.
magna (Table 5).
Discussion
Algal species differ in their responses to algaecide exposures based upon water
constituents and characteristics of the specific alga. In these experiments, water
constituents remained essentially constant for all toxicity tests in order to focus on
comparative responses to Algimycin®-PWF exposures based on algal characteristics. In
this study, the diatom and three green algal species were significantly more sensitive than
the blue-green algae to Algimycin®-PWF exposures. Gibson (1972) showed that a bluegreen alga was more sensitive than a green alga to copper sulfate exposures, although this
relative sensitivity may not be supported for different copper formulations or species of
algae. The planktonic algal species were more sensitive to Algimycin®-PWF exposures in
comparison to the three colonial algal species and filamentous algal species tested. All
species of algae tested could be controlled by exposures of Algimycin®-PWF below the
maximum legal label rate (1 mg Cu/ L), although other problematic algae and higher
algal densities may differ in sensitivities to Algimycin®-PWF exposures. By
understanding the susceptibility of these algal species to different concentrations of
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copper as Algimycin®-PWF (as copper) in laboratory exposures, we can more accurately
predict site-specific responses to field applications.
Animal species differed, by orders of magnitude in some species, in their
sensitivities to Algimycin®-PWF. For these aqueous exposures to this copper algaecide,
the microcrustaceans (C. dubia and D. magna) were significantly more sensitive than the
fish species (L. macrochirus and P. promelas). These results are in agreement with
previous studies that found C. dubia and D. magna were more sensitive to chelated
copper exposures than P. promelas (Mastin and Rodgers 2000; Murray-Gulde et al.
2002).These laboratory data provide conservative estimates of potential responses to field
exposures and require translation to specific field situations due to copper speciation.
The primary purpose for applying a copper-based algaecide is to control the
targeted algal species, although potential risks to non-target species should be considered
prior to application (Murray-Gulde et al. 2002). Chelated copper algaecides such as
Algimycin®-PWF can increase the stability of copper in the water column by decreasing
the potential for precipitation as well as increase binding to algal cells (Fitzgerald and
Faust 1963, Flemming and Trevors 1989, Murray-Gulde et al. 2002). Stauber and
Florence (1987) concluded that organo-copper complexes were much more toxic to algae
than ionic copper. Chelated algaecides that have an affinity for the target algal species
will potentially produce a greater dose of copper at the active sites on or in algal cells and
consequently increase control at lower treatment copper concentrations. Also, copper
sorbed to algal cells will be less bioavailable to other binding sites, increasing the margin
of safety for non-target species (Clearwater et al. 2002).
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These results indicate that there can be a great difference in sensitivities to
algaecide exposures within and among algal and animal species. When an algaecide is
applied, the target algae serve as ligands rapidly uptaking and binding the applied copper
which may decrease the bioavailable fraction to some non-target organisms in the field
(Levy et al. 2007, Crist et al. 1990). The copper concentrations in laboratory animal
toxicity tests remained relatively constant and the water did not contain measurable
amounts of algae or particulate matter (Sprague 1985, Taylor et al. 1998, Kim et al.
1999). The margin of safety with Algimycin®-PWF is minimal for P. promelas, H.
azteca, C. dubia, and D. magna for many algal species, indicating the need for selecting
use rates based upon the minimum amount required to control the observed density of the
targeted algal species (Murray-Gulde et al. 2002). However, risks can be decreased or
mitigated through efficient application techniques and use of efficacious exposure
concentrations. Further experimentation may involve exposures of both non-target and
target species simultaneously to identify copper affinity and effects, as well as measuring
the amount of copper sorbed by algae.
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Table 2.1: Description of experimental design of toxicity tests for five animal species exposed to Algimycin®-PWF (Johnson et
al. 2008).
Age/Size of
Test
Organisms

Test
Method
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Animal Species

Source of
Organisms

Daphnia magna

CU
AARL1

≤24 hours

USEPA,
1996b

Ceriodaphnia
dubia

CU
AARL1

≤24 hours

Lewis et
al. 1994

Pimephales
promelas

CU
AARL1

≤24 hours

Lewis et
al. 1994

Hyalella azteca

CU
AARL1

10 to 13
days/ 0.5
to 1.0 cm

USEPA,
1994

ARO2

Approx.
1.4 g /3 to
5 cm
length

USEPA,
1996a

Lepomis
macrochirus
1
2

Targeted Initial
Copper
Concentrations as
Algimycin®-PWF
(µg Cu/ L)

Exposure
Chamber

Volume
per
Replicate

Organisms
per
Replicate

Replicates
per
Exposure

250 mL
Beaker

200 mL

10

3

20 mL
Vial

10 mL

1

10

250 mL
Beaker

200 mL

10

3

Background, 100,
200, 400, 600, 800,
1000, and 2000

250 mL
Beaker

200 mL

10

3

Background, 500,
1000, 5000, 10000,
15000, 20000,
40000, and 100000

38 L
Tank

26 L

10

2

Background, 1, 3,
5, 10, 30, 50, and
100
Background, 5, 10,
20, 30, 50, 70, 100,
and 150
Background, 10,
100, 200, 500, 750,
1000, 2000, and
3000

Clemson University Aquatic Animal Research Laboratory
Aquatic Research Organisms (Hampton, NH 03842)
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Table 2.2: Description of experimental design of toxicity test for eight algal species
exposed to Algimycin®-PWF.

Algal species

Identification
(UTEX
Culture)

Replicates
per
Exposure

Initial Cell
Densities ± st.
dev.
(cells/ mL)

Initial
Chlorophyll a
Concentrations ±
st. dev. (µg/ L)

Ankistrodesmus
falcatus

Stock 749

4

1.9 x 105 ±
3.0 x 104

54 ± 6

Cymbella
tumida

LB FD96

3

1.2 x 105 ±
2.0 x 104

19 ± 3

2505

4

4.0 x 105 ±
1.5 x 105

47 ± 10

Pandorina
charkowiensis

LB 840

4

1.4 x 105 ±
1.8 x 104

122 ± 20

Eudorina
elegans

LB 1210

4

6.5 x 105 ±
4.4 x 104

68 ± 8

Nostoc
Punctiforme

LB 1833

4

8.5 x 105 ±
1.8 x 105

51 ± 7

Microcystis
aeruginosa

LB 2385

4

2.8 x 105 ±
4.0 x 104

99 ± 7

Desmidium sp.

LB 612

4

2.3 x 105 ±
4.5 x 104

121 ± 27

Haematococcus
pluvialis
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Table 2.3: Margins of safety associated with Algimycin®-PWF exposures for five animal species compared with eight algal
species. Margin of safety was defined as the ratio of the concentration of algaecide that adversely affects a non-target animal
species (96-h LC50 value) to the concentration required to control the growth of the algal species (EC90). A MOS of ≥ 1
indicates less potential for non-target species risks.
Cymbella Ankistrodesmus Haematococcus Pandorina
Eudorina Nostoc
Microcystis Desmidium
tumida
falcatus
pluvialis
charkowiensis elegans
punctiforme aeruginosa sp.
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Daphnia
magna

0.04

0.04

0.03

0.02

0.007

0.007

0.006

0.006

Ceriodaphnia
dubia

0.44

0.40

0.27

0.24

0.077

0.076

0.067

0.066

Pimephales
promelas

2.3

2.1

1.4

1.3

0.40

0.39

0.35

0.34

Hyalella
azteca

3.5

3.3

2.2

2.0

0.63

0.62

0.54

0.53

Lepomis
macrochirus

609

558

372

335

108

106

93

92
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Table 2.4: Algimycin®-PWF 96-h EC50 and EC90 values for algal toxicity tests (µg Cu/
L).
Algimycin®-PWF Exposures (µg Cu/ L)
Algal Species
96-h EC50

96-h EC90

95% Confidence
Interval

100

110

80 - 120

50

120

100 - 140

90

180

160 - 220

60

200

160 - 320

Eudorina elegans

300

620

570 - 690

Nostoc punctiforme

40

630

460 - 1,200

Microcystis
aeruginosa

290

720

640 - 830

Desmidium sp.

50

730

590 - 1,000

Cymbella tumida
Ankistrodesmus
falcatus
Haematococcus
pluvialis
Pandorina
charkowiensis
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Table 2.5: Algimycin®-PWF 96-h LOEC and LC50 values for animal toxicity tests (µg
Cu/ L; Johnson et al. 2008).
Algimycin®-PWF Exposures (µg Cu/ L)
Animal Species
LOEC

96-h LC50

95% Confidence Interval

Daphnia magna

1

4.6

3.9 - 5.3

Ceriodaphnia dubia

15

48

43 - 53

Pimephales promelas

10

250

180 - 320

Hyalella azteca

100

390

300 - 480

29,400

67,000

60,000 - 74,000

Lepomis macrochirus
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CHAPTER THREE
RESPONSES OF LYNGBYA MAGNIFICA GARDNER TO AN ALGAECIDE
EXPOSURE IN THE LABORATORY AND FIELD

Abstract
Predicting responses of organisms exposed in the field from results produced in
laboratory studies and confirming those predictions has been a central question in aquatic
toxicology since its inception. A field treatment of a cyanobacterium and laboratory
measurements of responses to algaecide exposures provided an opportunity to address
that question. This research involved predicting the response Lyngbya magnifica to an
algaecide exposure (Phycomycin® SCP) in the laboratory and evaluating that prediction
with a comparable exposure in the field. Based on the results from initial laboratory
experiments, an effective product (i.e. Phycomycin® SCP) and concentration (i.e. 92 mg
Phycomycin® SCP/ g algae) were selected for field application in a farm pond. Lyngbya
magnifica chlorophyll a and biomass were measured initially and 1, 4, 7, 10, and 21 days
after treatment for both laboratory and field exposures. Measurements of responses in the
field treatment were congruent or significantly greater than responses obtained in similar
laboratory exposures of Phycomycin® SCP. This approach can be effective for site
specific predictions and provide valuable information for informed decisions regarding
water resource management.
Key Words: Phycomycin® SCP; Aquatic toxicity; Management; Algae; Laboratory;
Field
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Introduction
The predictive value of laboratory experiments for field situations is crucial for
estimating and determining the ecological effects of chemical, physical and biological
stimuli, (Cairns and Pratt, 1989; USEPA, 1992). Measurements of comparable exposures
and responses in the laboratory and field can confirm the utility (or lack thereof) of
laboratory results to translate to a field site or to support risk management decisions in
the field (Cairns, 1986). Laboratory studies of site specific responses of algae to
algaecides provide an opportunity to evaluate the correlation between laboratory
predictions and actual response to treatments in the field (Mastin et al., 2002).
In water resources, both eukaryotic and prokaryotic algae can achieve problematic
densities and produce secondary compounds such as toxins that consequently restrict
water use for drinking, livestock watering, irrigation and recreation (Briand et al., 2003).
When uses of water resources are compromised by algal growth, managers often
implement a strategy to at least temporarily alleviate this impediment (Dyck, 1994). The
decision to intervene in an algal proliferation in a water resource requires consideration
of risks of the action as well as risks associated with the “no action” alternative, and
frequently the tactic of choice is strategic use of an algaecide (Mastin et al., 2002). Other
options for treatment of algae such as mechanical (e.g. harvesters), physical (e.g. benthic
barriers, sonication) and biological (e.g. grass carp, viruses) are often considered (Codd et
al., 2005) but may not be the primary choice due to the time lapse for alleviation of the
problem and restoration of water resource uses, economic ramifications, environmental
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effects and collateral damages (Dyck, 1994; Langeland et al., 2003; Mossler and
Langeland, 2006).
Responses of algae to algaecides often vary from site to site and can range from
effective control by several algaecide formulations and products to no measurable control
by a product when used consistent with product labeling (Fitzgerald, 1964). In this study,
“control” is defined as achieving mortality or growth inhibition of algae characterized by
chlorophyll a concentrations an order of magnitude less than untreated controls (EC90;
Murray-Gulde et al., 2002). Factors influencing the site specific response of algae to
algaecides include: 1) the intrinsic character and sensitivity of the algae (e.g. structure
[i.e. single cell, colonial, filamentous, planktonic, periphytic, etc.], extracellular
mucilage, hydrophobicity or surface charge, macro-structure or mat formation, density
and prior exposure history; Fitzgerald, 1964; Fattom and Shilo, 1984; Speziale et al.,
1991; Dyck, 1994), 2) water characteristics of the water resource (e.g. pH, hardness,
alkalinity, conductivity, temperature; Murray-Gulde et al., 2002), and 3) the specific
algaecide formulation (e.g. active ingredient, chelation, adjuvant, residence time; Mastin
and Rodgers, 2000). Although responses of algae at different sites to algaecide exposures
can vary widely, often several algaecides could potentially be used in a specific water
resource and situation (Fitzgerald and Jackson, 1979). Therefore, water resource
managers need site specific information such as water characteristics and uses of the
water resource as well as responses of the problematic alga to algaecide exposures to
make informed application decisions (Mastin et al., 2002). Laboratory exposures of the
algae to algaecides in site water can assist water resource managers in making informed
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and scientifically defensible decisions regarding selection of an effective algaecide for a
situation (Fitzgerald, 1964; Fitzgerald and Jackson, 1979; Mastin et al., 2002).
Application of an effective algaecide at an appropriate concentration could significantly
decrease costs, non-target species’ risks, and time invested as well as decrease the time to
restoration of water resource uses.
Once a potent algaecide has been identified for a site, field confirmation of the
predicted response of the target algae from the laboratory study is crucial to increase
confidence in this approach for developing these predictions. Since there are several
factors that can alter accurate transfer of results from the laboratory to the field, a critical
aspect of this approach is linking the field observations to the laboratory results and to
use those observations, if necessary, to alter the laboratory testing (Green, 1979; Cairns,
1986). Response measurements from comparable laboratory and field algaecide
exposures are required for confirmation of the prediction. Another important question
that can be resolved through post-treatment monitoring of the field application is the
duration of control of the problematic algal species and need for subsequent treatments. If
growth of the nuisance algal species is disrupted, other “preferred” algal species may
have an opportunity to flourish (Gibson, 1972; Zimba et al., 2002). Field evaluation of
application efficacy can also provide data regarding the success of a management action
involving an algaecide application.
An extensive filamentous cyanobacterial infestation dominated by Lyngbya
magnifica in a farm pond in Six Mile, SC provided an opportunity to compare laboratory
and field responses of this alga to an algaecide exposure. The specific objectives of this
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research were: 1) to measure responses of L. magnifica from Dr. Horace Skipper’s Pond
to exposures of Algimycin®-PWF, Cutrine®-Ultra, Clearigate® and Phycomycin® SCP in
7 day laboratory toxicity tests; 2) to discern differences in potencies for each algaecide
and identify an efficacious algaecide for field application; 3) to treat L. magnifica in the
field with the effective algaecide and contrast responses with those observed in
comparable laboratory exposures; and 4) to monitor the duration of control achieved and
need for subsequent treatments.
Materials and methods
1.1.

Study site
Dr. Horace Skipper’s Pond is approximately 2,700 sq meters and located in Six

Mile, SC (34°49ʹ10.14ʺN, 82°49ʹ20.36ʺW). Approximately 30 meters wide and 90 meters
long, the pond is relatively shallow with an average depth of about 1.2 meters and a
maximum depth of 3.7 meters. Primary water sources for the pond are surface runoff and
shallow groundwater. The pond is used for irrigation, fishing, and recreation, and the
infestation of the filamentous alga, L. magnifica, obviated the intended uses of this water
resource.
1.2.

Laboratory testing of algaecides
Filamentous algal samples were collected from Dr. Horace Skipper’s Pond

(September 3, 2008) and identified as L. magnifica using light microscopy (Speziale and
Dyck, 1992). Samples of algae and site water were transferred to the laboratory at
Clemson University and allowed to acclimate to laboratory light and temperature
conditions for at least 24 hours prior to testing. Algaecides selected for initial evaluation
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in the laboratory included copper formulations, Clearigate®, Cutrine®-Ultra, and
Algimycin®-PWF, as well as Phycomycin® SCP (sodium carbonate peroxyhydrate) due
to their compatibility with the water resource uses (Applied Biochemists Inc.,
Germantown, WI; Table 2). In 7 day toxicity tests, approximately 0.35g of algae was
exposed to algaecides in 250mL beakers using 200mL of site water. Treatments ranged
from 0.625 to 10 mg copper/ g algae (representing 0.06-1.0 mg Cu/ L in situ) for the
copper based algaecides (1 mg Cu/ L is the maximum label rate [MLR] for the copper
based algaecides) and 11.5 to 184 mg Phycomycin® SCP/ g algae (representing 2.3-36.9
mg Phycomycin® SCP/ L in situ; 36.9 mg Phycomycin® SCP/ L is the MLR). Four
replicates of each treatment, along with four replicates of untreated controls, were tested.
Laboratory conditions were maintained at a temperature of 23+/- 1°C and a 16 hour
light/8 hour dark photoperiod illuminated by cool white fluorescence lighting at an
intensity of 3100+/- 100 lux (Lewis et al. 1994).
Stock solutions were prepared for the copper based algaecides using
NANOpure™ water within four hours prior to initiation of experiments. To achieve the
targeted exposure concentrations for the copper based algaecides, dilutions were made
with site water. The targeted initial concentrations were 0, 0.625, 1.25, 2.5, 5, and 10 mg
copper/ g algae for the copper based algaecides and 0, 11.5, 23, 46, 92 and 184 mg
Phycomycin® SCP/ g algae. Phycomycin® SCP was prepared for each exposure using a
calibrated A&D GR-202 dual range (0.00001 g) balance (A&D Engineering, Inc., San
Jose, CA 95131), and added directly to the exposure vessels. Copper concentrations were
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measured using Inductively Coupled Plasma- Atomic Emission Spectrometry (ICP-AES)
according to standard methods (APHA 2005).
1.3.

Response measurements
Chlorophyll a was extracted from 10 algal samples from the laboratory test to

determine the initial concentration and variance. At the conclusion of the exposure
duration, chlorophyll a concentrations were measured in the three replicates of each
exposure concentration and in the untreated controls. Chlorophyll a was analyzed using a
SpectraMax®M2 spectrophotometer (Molecular Devices Corp. Sunnyvale, CA 94089)
according to standard methods (APHA 2005). At test initiation, wet weight of algae for
all exposures was obtained by gravimetric analysis following compression and blotting of
algal sample. At test conclusion, wet weight was measured after filtering through a wet,
pre-weighed 0.45µm nitrocellulose filter, and blotting to remove extracellular water.
1.4.

Field algaecide application and concurrent laboratory testing
To determine the treatment effectiveness of Phycomycin® SCP exposures for the

Lyngbya-dominated algal assemblage in the field, pre-treatment and post-treatment
samples were collected for comparison. Water and algae samples were collected from
several (14) sampling sites (0.1 m2) using adaptive cluster sampling to enhance the
precision and accuracy of biomass estimates (Thompson, 1991) since the majority of the
biomass was observed within 2 meters of the shoreline with a dynamic distribution due to
physical influences (i.e. wind and coves). Biomass and chlorophyll a were measured
prior to application and 1, 4, 7, 10, and 21 days post-treatment. Water characteristics (pH,
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dissolved oxygen, hardness, alkalinity, conductivity and temperature) were also measured
prior to and 1, 4, 7, 10, 21 days post-treatment (APHA 2005; Table 1).
The field algaecide application was designed to expose the targeted algae to the
indicated amount of Phycomycin® SCP (92 mg/g) to achieve control based upon results
from the laboratory experiment. The concentration of Phycomycin® SCP applied in the
field was equivalent to 80 pounds of Phycomycin® SCP per acre-ft (0.8 times the MLR).
Broadcast application of the granular algaecide from the shore and a boat was used to
treat the algae in the field.
To determine the ability of laboratory experiments to predict field responses,
concomitant laboratory exposures of similar Phycomycin® SCP concentrations (mg
Phycomycin® SCP/ g algae) were initiated with pre-treatment site collected algae and
water on the same day that the field application was implemented. Six replicates of each
exposure concentration of Phycomycin® SCP (11.5, 23, 46, 92 and 184 mg/ g algae)
along with six untreated controls were tested. Responses to treatments were measured
(i.e. biomass and chlorophyll a) and compared at the corresponding post-exposure
durations (0, 1, 4, 7, 10, 21 days) for the field experiment.
1.5.

Post-treatment Algal Re-growth measurements
For re-growth analysis, field samples of algae and water were collected monthly

after treatment at 15 locations throughout the pond. Unexposed laboratory samples were
maintained to confirm the viability of the site algae. Biomass and chlorophyll a of the
problematic alga (i.e. Lyngbya magnifica) were measured as well as obstruction of pond
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uses were evaluated by field observations to determine whether further treatment would
be required.
1.6.

Statistical analyses
A one-way analysis of variance was used to discern differences in chlorophyll a

concentrations and biomass in laboratory treatments with differences identified through
multiple range testing (Dunnett’s). A paired t-test procedure was used to determine
statistically significant differences in L. magnifica biomass measurements and
chlorophyll a concentrations between the laboratory and field treatments at 1, 4, 7, 10, 21
DAT. All data were analyzed using SAS 9.1 (2004; α = 0.05).
Results
1.7.

Responses of Lyngbya magnifica to laboratory exposures of four algaecides
In terms of chlorophyll a, Phycomycin® SCP was more effective than the copper

based algaecides (Figure 1). Although a similar trend was observed, biomass was not
significantly different between all treatments (Figure 2). All Phycomycin® SCP
treatments (11.5, 23, 46, 92, and 184 mg Phycomycin® SCP/ g algae) significantly
decreased chlorophyll a compared to untreated controls and initial values. Phycomycin®
SCP treatments of 23, 46, 92, and 184 mg Phycomycin® SCP/ g algae significantly
decreased biomass compared to untreated controls and initial values. For the copper
formulated algaecides, decreases in chlorophyll a were measured, however that decrease
was not to the extent measured for Phycomycin® SCP. Although statistically significant
decreases in biomass were measured for some of the higher treatments of Algimycin®PWF, Cutrine®-Ultra, and Clearigate®, these differences did not follow a traditional
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exposure-response pattern. Chlorophyll a was more sensitive for measuring response of
L. magnifica to algaecide exposures likely due to duration of experiments.
Since all algaecides selected for initial experimentation were compatible with
water resources uses, the selection decision for field application was based on potency. In
this research, potency slopes are the effect of an incremental increase in exposure on the
decrease in response (chlorophyll a). The potency slope was evaluated for the linear
decrease in response from the untreated controls. The 7 day potency slopes for
Algimycin®-PWF, Cutrine®-Ultra, Clearigate®, and Phycomycin® SCP were 11.8, 11.4,
13.7, and 16.3% decrease in response per increasing exposure concentration,
respectively. Based upon results from laboratory exposures, Phycomycin® SCP was an
effective treatment for L. magnifica sampled from Dr. Skipper’s pond and was
consequently selected for field application. Phycomycin® SCP at 92 mg product/ g algae
was targeted for field application because chlorophyll a significantly decreased compared
to lower treatments and did not significantly differ (in terms of chlorophyll a) from
higher treatments.
1.8.

Field application of Phycomycin® SCP and concurrent laboratory exposures
There is a decline in chlorophyll a concentrations in field measurements in the

initial days of sampling (1 and 4 DAT) and becomes significantly different on day 7
(Figure 3). At 10 and 21 DAT chlorophyll a declined to a small fraction (< 15%) of initial
amount. Biomass in field similarly declined after treatment and was significantly
different by 1 DAT (Figure 4). Decline continued through 21 DAT. Chlorophyll a
concentrations in the concurrent laboratory experiment declined significantly 7 DAT and
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continued through 21 DAT. Biomass significantly decreased 1 DAT in laboratory
exposures though subsequent decline was not discernable. Contrasting responses between
the field and concurrent laboratory experiment, chlorophyll a was significantly decreased
in field measurements of 7, 10, and 21 DAT and biomass was significantly decreased 21
DAT compared to the laboratory exposure. Responses of algae in the field were similar to
the laboratory, although field responses were more pronounced.
In the field application, both benthic and floating mats of L. magnifica were
rapidly oxidized based on field observations. Benthic mats were dislodged from their
substrate and floated to the surface. By 4 DAT, these mats accumulated near shore and
were chlorotic. On 7 and 10 DAT, few benthic or floating mats were observed and much
of the biomass was degraded based on field observations. The dissolved oxygen did not
significantly decrease from decomposition of the L. magnifica biomass, likely due to the
isolation or wind rowing of this biomass in small areas, the relative depth ratio of the
pond, the increase of dissolved oxygen from Phycomycin® SCP decomposition (USEPA
2002), and the observed viability of other algae (i.e. diatoms and planktonic green algae;
Table 1).
1.9.

Re-growth measurements of Lyngbya magnifica
Monthly measurements of algal re-growth at the site indicated minimal L.

magnifica growth. In the concurrent laboratory exposure, the untreated controls of L.
magnifica remained viable and growing for 8 weeks post treatment whereas L. magnifica
in the Phycomycin® SCP treatment of 92 mg/ g algae had no measurable re-growth. In
the spring following treatment (5 months post-treatment), spot treatments with
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Phycomycin® SCP for small L. magnifica and Spirogyra clumps were implemented. L.
magnifica filaments were also observed in the late summer and fall after treatment (6-11
months post-treatment), although densities were not sufficient to form benthic or floating
mats or impede the use of the water resource.
Discussion
The concurrent laboratory and field experiments in this research illustrated the
ability of comparable exposures to yield corresponding results. Based on the results from
initial laboratory experiments, an effective product (i.e. Phycomycin® SCP) and
concentration (i.e. 92 mg Phycomycin® SCP/ g algae) produced the desired response of
the targeted algal species, and the subsequent field application confirmed the laboratory
prediction. The concentration of Phycomycin® SCP required to achieve control at this site
(i.e. 80 pounds/ acre-ft) was less than the maximum label rate (i.e. 100 pounds/ acre-ft).
Without the initial laboratory experiments to guide the field application, excessive
concentrations of an effective algaecide or a less effective algaecide may have been
applied increasing non-target species’ risks without the desired control of the targeted
algal species.
Lyngbya from other sites may respond differently based on the characteristics of
the specific species or strain, water characteristics, and formulation of product applied.
For example, the 5 day EC50 of Lyngbya wollei sampled from Florida in laboratory
experiments was 1.63ppm copper as Cutrine® Plus (Hallingse and Phlips, 1996). Phlips et
al. (1992) measured the 3 day EC50 of a Florida isolate of Lyngbya wollei to exposures of
diquat to be 145±60 µg diquat/ L. Mastin et al. (2002) measured the response of a
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Lyngbya-dominated cyanobacterial infestation from a North Louisiana reservoir in
laboratory experiments and found a greater than 75% decrease in these algae after 35
days of drawdown and an application of 0.3 mg Cu/ L as Clearigate®. Tedrow (2007)
measured responses of Lyngbya from City Lake in High Point, NC and found
Algimycin® PWF at 10 mg Cu/ g algae was an effective treatment in both laboratory and
field studies. Duke (2007) measured responses of Lyngbya sampled from two Alabama
reservoirs (Lay and Jordan Reservoirs) to laboratory and field algaecide exposures and
identified a comparable, significant response to exposures of the maximum label rate of
Phycomycin® SCP followed by Algimycin® PWF combined with Cide-Kick® II. It is
apparent from these studies that responses of Lyngbya to algaecide exposures vary widely
depending on the species at a site and water characteristics as well as the specific
formulation of the algaecide. This illustrates the advantage and importance of using
laboratory algal toxicity experiments to predict responses of the targeted algae for field
applications.
The responses observed in the field at longer durations following treatment were
greater than those observed in laboratory experiments for this site. Possible reasons for
this may be due to more rapid degradation of the trichomes and chlorophyll in the field
situation through biodegradation, as the microbial and grazer community is likely greater,
and photodegradation as periodic increases in light intensity from direct sunlight were
present in the field compared to the laboratory chamber. Laboratory experiments were
effective at identifying an efficacious treatment and concentration based on the
magnitude of response measured, though provided a conservative estimate of field
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responses at increased durations following treatment. These laboratory experiments
provided an effective treatment option while decreasing costs for potential application of
ineffective or excessive product, application time, and non-target species risks. Selection
of an appropriate algaecide can be further focused by consideration of water
characteristics and application restrictions at the field site.
Conclusion
Comparable laboratory and field experiments are needed to confirm predictions of
expected responses to exposures (Cairns 1986). This research was designed to minimize
variance in responses and to maximize the probability that similar responses would be
observed. This approach can be effective for site specific predictions and provide
valuable information for informed decisions regarding water resource management.
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Table 3.1: Site water characteristics for Dr. Skipper’s pond pre- and post-treatment.
Water Characteristics (Average)
Pretreatment

1 DAT

4 DAT

7 DAT

10 DAT

21 DAT

9.0

9.4

9.7

9.1

9.0

7.2

36

42

38

38

40

40

32

34

34

36

32

32

Conductivity
(µS/cm2)

115.3

167.5

167.0

181.8

172.0

165.9

Dissolved O2
(mg/L)

9.0

12.5

9.9

9.2

8.8

10.1

Temperature
(°C)

19.1

19.2

18.3

17.7

16.9

15.5

Parameter
pH
(SU)
Hardness
(mg/L as
CaCO3)
Alkalinity
(mg/L as
CaCO3)
49
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Table 3.2: Physical properties and fate characteristics of Algimycin®-PWF, Cutrine® Ultra, Clearigate®, and Phycomycin® SCP.
Algimycin®PWF

Clearigate

Cutrine®Ultra

Elemental
copper

Elemental
copper

Elemental
copper

5

3.8

9.0

85

1.0 mg Cu/L

1.0 mg Cu/L

1.0 mg Cu/L

36.8 mg /L

Formulationa,b

Copper Citrate and
Copper Gluconate

Appearancea,b

Blue liquid

CopperEthanolamine
and Dlimonene
Blue viscous
liquid

Copperethanolamine
and Dlimonene
Blue viscous
liquid

Miscible

Miscible

Miscible

Complete

100

100

NA

NA

1.229

1.0 - 1.1

1.220 - 1.225

NA

1.8

9.5 - 10

10.0 - 10.5

10.4-10.6
(1% solution)

Non-volatile

NA

NA

Active
Ingredient
% Active
Ingredientb
Max.
Application
Label Rateb

Water
Solubilitya,b
Boiling Point
(°C)b
Specific
Gravity
(g/cm3)b
pHb

Vapor Pressure
Non-volatile
(mm Hg)a,b
a
Kamrin, 1997
b
Applied Biochemists, 2007

®
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Phycomycin®
SCP
Sodium
Carbonate
Peroxyhydrate
(SCP)

SCP and inert
ingredients
Coarse white
grains

LIST OF FIGURES
Figure 3.1: Response of Lyngbya magnifica in Dr. Skipper’s Pond, in terms of
chlorophyll a, to laboratory exposures of Cutrine®-Ultra, Clearigate®, Algimycin® PWF,
and Phycomycin® SCP in 7 day laboratory toxicity experiments.

Figure 3.2: Response of Lyngbya magnifica in Dr. Skipper’s Pond, in terms of biomass,
to laboratory exposures of Cutrine®-Ultra, Clearigate®, Algimycin® PWF, and
Phycomycin® SCP in 7 day laboratory toxicity experiments.

Figure 3.3: Response of Lyngbya magnifica in Dr. Skipper’s Pond, in terms of
chlorophyll a, to laboratory and field exposures of Phycomycin® SCP pre-treatment and
1, 4, 7, 10 and 21 days after treatment.

Figure 3.4: Response of Lyngbya magnifica in Dr. Skipper’s Pond, in terms of biomass,
to laboratory and field exposures of Phycomycin® SCP pre-treatment and 1, 4, 7, 10 and
21 days after treatment.
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CHAPTER FOUR
EXPOSURE, DOSE, AND RESPONSE OF LYNGBYA WOLLEI EXPOSED TO
COPPER-BASED ALGAECIDES IN LABORATORY TOXICITY EXPERIMENTS:
THE CRITICAL BURDEN CONCEPT

Abstract
Analysis of factors influencing copper-based algaecide exposures and consequent
responses of problematic cyanobacteria can provide information for efficient use in field
situations. The objectives of this study were 1) to compare the masses of copper required
to achieve control of Lyngbya wollei using the algaecide formulations Algimycin®-PWF,
Clearigate®, and copper sulfate pentahydrate in laboratory toxicity experiments; 2) to
relate the responses of L. wollei to the masses of copper adsorbed and absorbed (i.e. dose)
as well as the concentrations of copper in the exposure water; and 3) to discern the
relationships of the masses of copper required to achieve control of the masses of L.
wollei present. The critical burden of copper (i.e. threshold algaecide concentration that
must be absorbed or adsorbed to achieve control) for L. wollei averaged 3.3 and 1.9 mg
Cu/ g algae for Algimycin®-PWF and Clearigate®, respectively, in experiments with a
series of aqueous copper concentrations, water volumes, and masses of algae. With
reasonable exposures in these experiments, control was not achieved with single
applications of copper sulfate. Factors governing the critical burden of copper required
for control of problematic cyanobacteria include the algaecide formulation and
concentration, volume of water, and mass of algae. With better understanding of factors
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that influence the effectiveness of algaecide exposures, selection of an algaecide and its
application at a specific site should be more successful.
Introduction
Lyngbya wollei (Farlow ex Gomont) Speziale and Dyck is a filamentous, matforming cyanobacterium that frequently causes devastating functional, economic, and
ecological effects in freshwater resources with an array of critical uses such as habitat and
drinking water supply (Paerl, 1988; Speziale and Dyck, 1992; Mastin et al. 2002; Quinlan
et al., 2008). When L. wollei achieves problematic densities or produces secondary
compounds that restrict water usages, often algaecides are the preferred management
strategy due to their rapid activity and ability to at least temporarily alleviate the problem
(Mastin et al. 2002). Copper-based algaecides are used to control problematic algal
blooms in water resources although the efficacy of a specific treatment may be a function
of several factors including: water characteristics, copper formulation, initial copper
concentration, duration of exposure, and characteristics of the algae (Fitzgerald 1964,
Fattom and Shilo 1984, Murray-Gulde et al. 2002). To efficiently and effectively manage
L. wollei, it is important to understand algaecide exposures and responses of this
cyanobacterium to those exposures. For acute algaecide exposures, it is not just the
aqueous exposure concentration in the treatment area that can determine the outcome of a
treatment. The mass of algaecide that partitions to the target algal biomass (e.g. L. wollei)
will determine whether the critical burden (i.e. the concentration of active algaecide
ingredient in or on the algae that achieves control) will be attained (Murray-Gulde et al.
2002). One might assume that differences observed in responses of an algal species to
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algaecide exposures are due to differences in the affinity of the algaecide for the algal
species, thus more of the active ingredient would partition to the algae for the more
effective algaecide. This research involved measuring the critical burdens of copper for
L. wollei exposed to three copper-based algaecides (e.g. Algimycin®-PWF, Clearigate®,
copper sulfate pentahydrate; Table 1) in experiments consisting of a series of algaecide
concentrations, volumes of water, and masses of algae.
Typically, with an increase in an algaecide concentration, a proportional increase
in response of the algal species is observed. When a higher algaecide concentration is
present in a specific water volume, a larger mass of active ingredient is bio-available to
the algae. Therefore, with increased concentrations, or larger mass of algaecide in a
specific volume, the critical burden can be achieved or even exceeded. When the mass of
algae and volume of water are held constant, the effect of the algaecide is likely to
increase with concentration, up to a saturated level (i.e. critical burden). Since
formulations of copper-based algaecides vary, the exposure concentration necessary to
achieve the critical burden, and potency slope to that point, likely also vary (Mastin and
Rodgers 2000, Murray-Gulde et al. 2002).
Hypothetically, with a greater exposure (i.e. mass of active ingredient per mass of
algae) the amount of active ingredient that partitions to the algae and the consequent
response will be increased. If water volume is increased and the concentration of
algaecide in that volume remains constant, a larger mass of algaecide is present to
constitute the exposure for the algae. If the mass of algae also remains constant, we
hypothesize that the larger volumes with the larger mass loaded would produce a greater
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response if the algaecide has some affinity for the algae. Since the sorption of copper by
the algae likely varies between different copper-based algaecide formulations, one could
expect to observe an increase in response with an increase in the amount of copper
partitioned to the algae.
In theory, the critical burden could be achieved by altering both the mass of
algaecide in the exposure vessel as well as the mass of algae present, since the critical
burden is presumed to be a function of those two factors. Therefore, if the mass of
algaecide is held constant and the mass of algae in each treatment differs, we predict
there will be a mass of algae at which complete control is achieved (i.e. critical burden)
and greater masses where less or no control is observed. When more algae is present (i.e.
larger mass or higher density) a proportionally greater amount of algaecide is necessary
to achieve control (Fitzgerald 1964).
The overall objective of this research was to examine the fundamental concepts of
exposure, dose, and consequent response of L. wollei to exposures of copper-based
algaecides. The specific objectives were: 1) to compare the masses of copper required to
achieve control of L. wollei from the algaecide formulations Algimycin®-PWF,
Clearigate®, and copper sulfate pentahydrate (i.e. critical burden); 2) to relate the
responses of L. wollei to the mass of copper adsorbed and absorbed (i.e. dose) and to the
concentrations of copper in the exposure water; and 3) to determine the relationships of
the masses of copper required to achieve control of the masses of L. wollei exposed.
Materials and Methods
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The algae sample used in these experiments was collected from Russell Lake
located in Russellville, AR. The algal assemblage in this sample was dominated by one
species and it was identified as Lyngbya wollei using light microcopy (GreenWater
Laboratories, Palatka FL). L. wollei was allowed to acclimate to laboratory conditions
prior to testing (temperature of 23+/- 1°C and a 16 hour light/8 hour dark photoperiod
illuminated by cool white fluorescence lighting at an intensity of 3100+/- 100 lux.; Lewis
et al. 1994). L. wollei was cultured and tested in a controlled environment at Clemson
University using moderately hard laboratory water which resembled site water
characteristics (pH 7 ± 1.5, DO 8 ± 1 mg O2/L, temperature 23 ± 2° C, conductivity 130350 μS/cm2, alkalinity 40-80 mg CaCO3/L, hardness 40-90 mg CaCO3/L; APHA 2005).
Experiment #1: Series of copper concentrations, constant mass of algae and water
volume
For this experiment, the mass of L. wollei was held constant at 0.1g +/- 0.01g wet
weight and replicates were exposed to a series of aqueous copper concentrations
(Background, 0.5, 1, 2.5, 5, 10 mg Cu/ L) of Algimycin®-PWF, Clearigate® and copper
sulfate pentahydrate in 250mL beakers with 200mL water in ten day toxicity tests (Table
2). Stock algaecide solutions were prepared within four hours of test initiation and serial
dilutions were used to obtain treatment copper concentrations. Six replicates of each
exposure concentration were tested for each algaecide along with untreated controls.
Three replicates were used for chlorophyll a analysis and three were used for copper
measurements. Responses of L. wollei, aqueous copper concentrations, and copper sorbed
to the algae were measured 10 days after treatment (DAT).
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Experiment #2: Series of water volumes, constant mass of algae and copper
concentration
For this experiment, the mass of L. wollei was held constant at 0.1g +/- 0.01g wet
weight and that mass was exposed to the same aqueous copper concentration from three
algaecide formulations. Treatments consisted of the exposure volumes 100, 200, 500,
1000, and 2000mL. The aqueous copper concentration remained constant in all
treatments (1mg Cu/ L), although the mass of copper increased concomitant with the
increased volume (Table 2). Six replicates of each treatment were tested for each
algaecide (Algimycin®-PWF, Clearigate® and copper sulfate pentahydrate). Three
replicates were used for chlorophyll a analysis and three were used for copper
measurements. Responses of L. wollei, aqueous copper concentrations, and copper
sorbed to the algae were measured 10 DAT.
Experiment #3: Series of algal masses, constant water volume and copper concentration
In this experiment, the volume of water was held constant at 200mL for each
exposure and the concentration of copper was held constant at 5mg Cu/ L or 1mg copper
in each exposure vessel. Treatments consisted of five different masses of algae (0.05g,
0.1g, 0.2, 0.5g, and 1g). For this experiment, the mass of copper per mass of algae in each
exposure differed with the smallest mass of algae exposed to 20mg Cu/ g algae and the
largest mass of algae was exposed to 1mg Cu/ g algae (Table 2). Six replicates of each
exposure were tested for each algaecide (Algimycin®-PWF, Clearigate® and copper
sulfate pentahydrate); three replicates were used for chlorophyll a analysis and three used
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for copper measurements. Responses of L. wollei, aqueous copper concentrations, and
copper sorbed to the algae were measured 10 DAT.
Responses to Algaecide Exposures
Algal chlorophyll a was measured from ten initial samples and three replicates of
each treatment and untreated controls upon test conclusion (i.e. 10 days after treatment).
Due to the robust structure of L. wollei, chlorophyll analysis was modified from standard
methods by: freezing the sample (-20°C) for a minimum of 24 h; grinding sample in
buffered acetone; and refrigerating (4°C) for 24-48 h to maximize chlorophyll extraction
(Mastin et al. 2002). Chlorophyll a was measured fluorometrically using a
SpectraMax®M2 spectrophotometer (Molecular Devices Corp. Sunnyvale, CA 94089;
APHA 2005).
Copper and Critical Burden Measurements
Acid soluble aqueous copper concentrations were measured at initiation and
conclusion of the experiments for all treatments and untreated controls (USEPA 1983;
APHA 2005). The amount of copper absorbed and adsorbed to the algae was measured in
10 initial samples to determine background and in three replicates of each treatment and
untreated controls. Preparation of algal samples included filtering through an acid washed
(10% HNO3) 0.45 µm nitrocellulose filter, rinsing with 10mL NanoPure™ water to
remove loosely associated copper, and digesting the algae in 1mL trace metal grade nitric
acid (HNO3 [Fisher Scientific, Inc. A509]; modified from USEPA 1996 by decreased
acid volume [1mL] and organic biomass [≤ 0.1g]). Copper was measured using a PerkinElmer 5100 PC graphite furnace atomic absorption (AA) spectrophotometer using a
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matrix-matched calibration curve from serial dilution of a 1000ppm copper standard
(Fisher Scientific, Inc. SC194; APHA 2005). The limit of detection for copper was 1µg/L
(0.5µg Cu/ g algae). The lowest concentration of sorbed copper at which control was
achieved (i.e. order of magnitude reduction in chlorophyll a concentration, EC90) for each
algaecide, was identified as the critical burden in units of mg copper per gram of algae.
Statistical Analyses
A one-way analysis of variance was used to discern differences in chlorophyll a
concentrations and critical burden measurements between treatments for each experiment
with differences identified through multiple range testing (Tukey’s). Exposure-response
relationships were evaluated for L. wollei exposed to each algaecide and EC90 values
were calculated by probit analysis. A Shapiro-Wilk test was used to assess if the data
were normally distributed. In situations where variances between groups tested were not
equal, a Mann-Whitney rank sum test was performed. All data were analyzed using
Microsoft Excel 2007 and SAS 9.1 2007 (α = 0.05).
Results
Background and treatment copper concentrations
The background acid soluble copper concentrations in exposure water and
untreated controls was < 1µg Cu/ L. The background copper adsorbed and absorbed to
Lyngbya wollei was 11 ± 0.8 µg copper/ g algae. In experiment one (series of copper
concentrations), the targeted initial aqueous copper concentrations were 0.5, 1, 2.5, 5, and
10 mg Cu/ L. Measured copper concentrations were 97.7 ± 1.3%, 85.5 ± 1.4%, and 99.5
± 2.6% of targeted values for Algimycin®-PWF, Clearigate® and copper sulfate
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pentahydrate, respectively. The targeted initial aqueous copper concentration for all
algaecides in experiment two (series of exposure volumes) was 1 mg Cu/ L. Measured
copper concentrations were 104.4 ± 0.9%, 84.9 ± 0.75%, and 99.0 ± 0.48% of targeted
values for Algimycin®-PWF, Clearigate® and copper sulfate pentahydrate, respectively.
For experiment three (series of algal masses), the targeted initial aqueous copper
concentration was 5 mg Cu/ L for each algaecide. Measured copper concentrations were
92.1 ± 2.7%, 86.5 ± 1.0%, and 100.1 ± 1.1% of targeted values for Algimycin®-PWF,
Clearigate® and copper sulfate pentahydrate, respectively. Targeted copper
concentrations were used for calculation of response parameters since they were
sufficiently close to measured copper concentrations.
Experiment #1: Series of copper concentrations, constant mass of algae and water
volume
Concentrations of copper adsorbed and absorbed to a constant mass of L. wollei
increased with greater copper concentrations for each algaecide (Figure 1). The critical
burden of copper necessary to achieve control (EC90) based on chlorophyll a
measurements (Figure 2) was significantly less for both Algimycin®-PWF and
Clearigate® exposures (i.e. 3.8 and 2.3 mg Cu/ g algae, respectively) compared to copper
sulfate (> 13 mg Cu/ g algae; Table 3). Even though a larger amount of copper (active
ingredient) was sorbed in the copper sulfate treatment, the EC90 was not attained.
Compared with copper sulfate, control of algae was achieved at significantly lower
amounts of sorbed copper in Algimycin®-PWF and Clearigate® exposures.
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Experiment #2: Series of water volumes, constant mass of algae and copper
concentration
For this experiment, the aqueous copper concentration and exposed algal mass
remained constant among all treatments. A larger mass of copper was introduced in the
larger volumes providing a greater mass exposure (mg Cu/ g algae) and potential for
more copper sorption. Increases in sorbed copper were measured for treatments
containing a larger exposure volume for each algaecide (Algimycin®-PWF, Clearigate®
and copper sulfate pentahydrate; Figure 3). The critical burden of copper necessary to
achieve control (EC90) based on chlorophyll a measurements (Figure 4) was significantly
less for both Algimycin®-PWF and Clearigate® exposures (i.e. 2.8 and 1.9 mg Cu/ g
algae, respectively) compared to copper sulfate (> 4.6 mg Cu/ g algae; Table 3). The
critical burden of copper necessary to achieve control of L. wollei was not significantly
different between Algimycin®-PWF and Clearigate® exposures in this experiment (series
of water volumes). Critical burden measurements for Algimycin®-PWF and Clearigate®
exposures in this experiment did not significantly differ from results obtained in
experiment one (constant water volume). Control of algal growth was not achieved in the
copper sulfate exposures.
Experiment #3: Series of algal masses, constant water volume and copper concentration
In this experiment, the mass of algae in each treatment differed, while the copper
concentration and water volume remained constant. Copper sorption was significantly
lower in the 10 and 20 mg/ g treatments in this experiment than measured in experiments
one and two for all algaecides (Figure 5). The critical burdens of copper necessary to
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achieve control (EC90) based on chlorophyll a measurements (Figure 6) were not
significantly different from those observed in the prior experiments for Algimycin®-PWF
and Clearigate® (i.e. 3.3 and 1.4 mg Cu/ g algae, respectively). No control was achieved
in copper sulfate exposures despite copper sorption greater than or equal to the critical
burden of copper measured in Algimycin®-PWF and Clearigate® exposures (Table 3).
Discussion
The critical burden of copper for the algaecides Clearigate® and Algimycin®-PWF
necessary to achieve control of Lyngbya wollei was not significantly different when the
aqueous copper concentration, water volume or mass of algae were altered. These results
illustrate that the response of this alga is a function of the exposure (i.e. mass of algaecide
per mass of algae) and dose (i.e. amount of algaecide that partitions to the algae).
Therefore, the amount of an algaecide necessary to achieve control of a specific alga and
mass at a site should be predictable if the critical burden is known. Dense infestations of
mat forming algae may require more than one application to achieve control, although
less than the maximum label rate may be sufficient to achieve control with lower
densities (mass) or with a large water volume.
In these experiments, control of the targeted alga (i.e. Lyngbya wollei) was not
directly proportional to the amount of copper adsorbed and absorbed for different copperbased algaecide formulations. Since copper sulfate exposures often resulted in copper
sorption greater than the critical burden measured for the other algaecides tested
(Clearigate® and Algimycin®-PWF) and did not achieve control, the toxicity observed
must also be influenced by the algaecide formulation and amount and form at active sites
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for toxicity. Clearigate® is chelated with ethanolamines and also contains a surfactant
acting as a cell membrane penetrant, Algimycin®-PWF is chelated with copper citrate and
copper gluconate (Applied Biochemists 2007), whereas copper sulfate pentahydrate is a
salt (Table 1). These results support the notion that chelated algaecide formulations
(Algimycin®-PWF and Clearigate®) can achieve control of algae at lower concentrations
of adsorbed and absorbed copper than copper sulfate, a non-chelated formulation. Lipidsoluble copper complexes have increased toxicity to algae compared with ionic copper
formulations due to their diffusion properties, chelator toxicity (Stauber and Florence
1987, Sunda 1989) and potential formation of free hydroxyl radicals (Florence et al.
1983). Results from both Masuda and Boyd (1993) and Murray-Gulde et al. (2002)
showed that chelated copper algaecides often provide a higher aqueous copper
concentration and water column residence time compared to copper sulfate. Our results
also support those of Fitzgerald and Jackson (1979) who found different copper algaecide
formulations required significantly different amounts of copper to achieve control. The
critical burden of copper for this alga did not differ for Algimycin®-PWF or Clearigate®
exposures in all three experiments. Continued copper sorption was observed beyond the
critical burden (i.e. threshold copper concentration where control was achieved), which
supports prior findings that dead algae have more ligands and can bind more copper than
living algae (Harris and Ramelow 1990; Tien et al. 2005).
Garcia-Villada et al. (2004) observed that Microcystis populations contain both
more and less sensitive cells to copper sulfate exposures. Therefore, upon treatment,
destruction of sensitive cells will occur selecting for the less sensitive ones and the
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resultant population may be more resistant to copper sulfate exposures through time.
With chelated copper formulations, such as ones presented in this study, the route of
exposure and mechanisms of toxicity are diverse (Stauber and Florence 1987), thus the
likelihood of developing resistance to these products is decreased. Furthermore,
complexation of copper in copper sulfate exposures may occur rapidly in systems with an
alkaline pH, high organic carbon levels, or high hardness, decreasing the available
fraction of copper for uptake (Elder and Horne 1978, Erickson et al. 1996). If the
available copper concentration is insufficient to achieve the critical burden for the algae
present then control will not be achieved. Due to the form of copper in chelated copper
algaecides, complexation to less bioavailable forms is decreased providing a greater
opportunity for achieving control of the targeted algae (Masuda and Boyd 1993).
Our findings support those of Fitzgerald (1964) demonstrating that the amount of
algaecide required to control the growth of algae is directly related to the mass or density
present. However, our research also illustrates that the volume of water present can affect
the outcome of a treatment if it provides an increased exposure (mg product/ g algae).
This is often observed when laboratory predictions are translated to field situations as
there is likely a larger water volume and greater mass of product applied than is
physically simulated in the laboratory experiment. Determination of the critical burdens
of algaecides for target algal species can provide crucial information to predict the
efficacy of algaecide applications in the field (Murray-Gulde et al. 2002).
For benthic, mat forming algae, exposures of up to the maximum label rate
(aqueous concentration) in laboratory toxicity tests are often insufficient for achieving
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control, although in the field situation the same aqueous exposure (based on
concentration alone) may achieve control. To accurately predict site-specific responses,
we recognize that a beaker in the laboratory is a scaled model of the actual water column
in the field and that physical scaling can affect both the exposure and the consequent
dose. Since there is a transfer from externally adsorbed copper to internalized absorbed
copper from both the mucilaginous sheath and cell wall of algal species (Khummongkol
et al. 1982; Cho et al. 1994; Coesel 1994; De Philipis et al. 2003) and both the adsorbed
and absorbed copper fraction can negatively affect an algal cell (Crist et al. 1990; Sunda
and Huntsman 1998), we combined the adsorbed and absorbed copper measurements in
this research to determine the total amount of copper necessary to achieve control (i.e.
critical burden). To effectively translate these laboratory results to a field situation, the
concentrations selected for laboratory testing should consider the amount of active
ingredient (mass) per amount of algae (mass) achievable in a field treatment. Fitzgerald
and Jackson (1979) considered the preferred algaecide to be effective at killing the algae
with the lowest amount of active ingredient and shortest treatment duration; our research
supports this idea for efficient and ecologically sound algal management.
Conclusions
The critical burden (i.e. the threshold algaecide concentration that must be sorbed
to achieve control; Murray-Gulde et al. 2002) of copper for L. wollei averaged 3.3 and
1.9 mg Cu/ g algae for Algimycin®-PWF and Clearigate®, respectively, in all
experiments. Control was not achieved in all copper sulfate exposures with the maximum
sorbed copper of 13 mg/ g algae. The amount of copper necessary to achieve control of L.
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wollei significantly differed between the chelated and non-chelated copper algaecide
formulations. These results support the notion that chelated formulations of copper
algaecides may require lower concentrations of product to achieve control due to
increased toxicity with less active ingredient. There was no significant difference in
critical burden measurements between experiments with a series of aqueous copper
concentrations, water volumes, and masses of algae for Algimycin®-PWF or Clearigate®.
Crucial factors governing the critical burden and consequent control include the algaecide
formulation and concentration, volume of water, and mass of algae. By measuring the
critical burden of a product to achieve control of a targeted alga, the amount of algaecide
required in an exposure to achieve control can be calculated if the amount of algae is
known. Based on the mass of algaecide that could be applied to a water resource in a
single application, there is a limit to the mass of algae that could be controlled based on
the critical burden. If a treatment is implemented prior to prolific algal growth, a single
treatment may be effective and the amount of product required to achieve control will
likely decrease proportional to the algal mass. Risks from oxygen depletion can also be
avoided if growth of algae is controlled before achieving a mass where the biological
oxygen demand is able to decrease oxygen concentrations below the threshold for fish
and invertebrates (Boyd and Massaut 1999). If the mass of copper that can be applied
consistent with product labeling is insufficient to achieve or exceed the critical burden
threshold for the targeted algal infestation, then control would not be accomplished by a
single application.
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Table 4.1: Physical properties and fate characteristics of Algimycin®-PWF, Clearigate®,
and copper sulfate pentahydrate.
Algimycin®PWF
Elemental
copper

Clearigate®

Copper Sulfate

Elemental
copper

Elemental copper

5

3.8

25.4

1.0 mg Cu/L

1.0 mg Cu/L

1.0 mg Cu/L

Formulationa,b

Copper - Citrate
and Copper Gluconate

Appearancea,b

Blue liquid

CopperEthanolamine
and D-limonene
Blue viscous
liquid

Active
Ingredient
% Active
Ingredientb
Max.
Application
Label Rateb

Water
Solubilitya,b
Boiling Point
(°C)b
Specific Gravity
(g/cm3)b
pHb
Vapor Pressure
(mm Hg)a,b
a
b

Copper salt
Blue crystalline

Miscible

Miscible

Soluble

100

100

NA

1.229

1.0 - 1.1

NA

1.8

9.5 – 10

NA

Non-volatile

Non-volatile

Non-volatile

Kamrin 1997
Applied Biochemists 2007
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Table 4.2: Experimental designs for experiments one, two, and three, altering the aqueous copper
concentration, exposure volume, and mass of algae exposed, respectively.
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Experiment 1

Experiment 2

Experiment 3

Aqueous copper
concentrations
(mg Cu/ L)

Background, 0.5, 1, 2.5,
5, 10

1

5

Exposure volume
(mL)

200

100, 200, 500, 1000,
2000

200

Mass of algae exposed
(g)

0.1

0.1

0.05, 0.1, 0.2, 0.5, 1.0

Copper Mass Loading
(mg Cu/ g algae)

1, 2, 5, 10, 20

1, 2, 5, 10, 20

1, 2, 5, 10, 20
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Table 4.3: Critical burdens of copper (mg Cu sorbed/ g algae) necessary to achieve control (i.e. EC90) of
Lyngbya wollei exposed to three algaecide formulations containing copper (Algimycin®-PWF, Clearigate®, and
copper sulfate pentahydrate). Results from experiments one, two, and three are shown, altering aqueous
algaecide concentration, water volume, and mass of algae, respectively. Confidence intervals for critical
burden measurements in copper sulfate exposures were not applicable (NA) because control was not achieved.
Experiment 1

(mg Cu/ g algae)

95%
Confidence
Interval

Algimycin®PWF

3.8

Clearigate®
Copper
Sulfate

Experiment 2

Experiment 3

(mg Cu/ g algae)

95%
Confidence
Interval

(mg Cu/ g algae)

95%
Confidence
Interval

2.4 - 5.8

2.8

1.6 - 4.1

3.3

2.4 - 5.5

2.3

0.42 - 4.4

1.9

1.3 - 2.6

1.4

0.94 - 2.6

> 13

NA

> 4.6

NA

> 3.3

NA

Critical
Burden

Critical
Burden

Critical
Burden
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LIST OF FIGURES
Figure 4.1: Amount of copper adsorbed and absorbed by Lyngbya wollei in
experiment one with a series of aqueous copper concentrations from three
different algaecide formulations (Clearigate®, Algimycin® PWF, and
copper sulfate pentahydrate).

Figure 4.2: Response of Lyngbya wollei, in terms of chlorophyll a, in experiment one
to exposures of a series of aqueous copper concentrations from three
different algaecide formulations (Clearigate®, Algimycin® PWF, and
copper sulfate pentahydrate).

Figure 4.3: Amount of copper adsorbed and absorbed by Lyngbya wollei in
experiment two with a series of exposure volumes and a constant aqueous
copper concentration from three different algaecide formulations
(Clearigate®, Algimycin® PWF, and copper sulfate pentahydrate).

Figure 4.4: Response of Lyngbya wollei, in terms of chlorophyll a, in experiment two
with a series of exposure volumes and a constant aqueous copper
concentration from three different algaecide formulations (Clearigate®,
Algimycin® PWF, and copper sulfate pentahydrate).

78

Figure 4.5: Amount of copper adsorbed and absorbed by Lyngbya wollei in
experiment three with a series of algal masses exposed to a constant
aqueous copper concentration from three different algaecide formulations
(Clearigate®, Algimycin® PWF, and copper sulfate pentahydrate).

Figure 4.6: Response of Lyngbya wollei, in terms of chlorophyll a, in experiment
three with a series of algal masses exposed to a constant aqueous copper
concentration from three different algaecide formulations (Clearigate®,
Algimycin® PWF, and copper sulfate pentahydrate).
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CHAPTER FIVE
SUMMARY AND CONCLUSIONS
The overall objective of this research was to evaluate exposures of algaecides to
efficiently and effectively control problematic algae infestations in field situations while
decreasing potential risks to non-target species. The experiments in this research 1)
compared responses of an array of nuisance algal species while investigating potential
risks to receiving system biota; 2) measured the predictive ability of comparable
exposures in laboratory and field experiments to yield similar results; and 3) identified
the characteristics of an algaecide exposure that affected the consequent response through
the critical burden concept With better understanding of factors that influence the
effectiveness of algaecide exposures, selection of an algaecide and its application at a
specific site should be more successful.
Chapter 2,, “Comparative responses of target and non-target species to exposures
of a copper-based algaecide”, addressed the differences in sensitivities of several algal
species to an algaecide (Algimycin®-PWF) and evaluated potential risks to animal
species. Specifically, we determined the exposures required to control algal species with
an array of characteristics and contrasted those results with responses of non-target
species produce an estimate of margins of safety associated with a targeted algaecide
application. In applications of Algimycin®-PWF for many algal species, the margin of
safety is minimal for several animal species. Therefore, there is a need to select algaecide
use rates based upon the minimum amount required to control the observed density of the
targeted algal species present. These data can assist waster resource managers as well as
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regulatory agencies in making informed, scientifically defensible treatment decisions
regarding the potential efficacy and risks of an application. Further, applicators can use
techniques to mitigate risks from applications such as timing the application as well as
applying from the shoreline to deeper waters to minimize exposures of nontarget species.
Chapter 3, “Responses of Lyngbya magnifica Gardner to an algaecide exposure in
the laboratory and field”, involved predicting the response of a problematic alga at a
specific site to an algaecide exposure. Laboratory experiments were used to identify an
efficacious treatment and concentration of algaecide necessary to achieve control of the
targeted alga, and similar exposures in the field were used to confirm laboratory
predictions. Measurements of responses in the field treatment were congruent or
significantly greater than responses obtained in similar laboratory exposures of
Phycomycin® SCP. This approach can be effective for site specific predictions and
provide useful information for informed decisions regarding water resource management
while decreasing costs, non-target species’ risks, and time invested as well as minimizing
the period of obviated water use. Understanding the exposure necessary to elicit the
desired response of a problematic alga can facilitate management decisions in field
situations.
Chapter 4, “Exposure, dose, and response of Lyngbya wollei exposed to copperbased algaecides in laboratory toxicity experiments: The critical burden concept”,
addressed some crucial factors of an algaecide exposure that govern whether control of a
problematic alga is achieved. The critical burdens of copper (amount adsorbed or
absorbed required to achieve control) for Lyngbya wollei differed for copper algaecide
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formulations. The results showed that the chelated algaecide formulations (Algimycin®PWF and Clearigate®) achieved control at lower concentrations of adsorbed and absorbed
copper than copper sulfate, which is a copper salt formulation. Even though the amount
of copper sorbed in some copper sulfate exposures exceeded the amount of copper sorbed
from the chelated algaecides, control of L. wollei was not achieved. The critical burdens
of copper from the algaecides Clearigate® and Algimycin®-PWF necessary to achieve
control of L. wollei were not significantly different when the aqueous copper
concentration, water volume or mass of algae were altered. These results illustrate that
the response of an organism is a function of the exposure (i.e. mass of algaecide per mass
of algae) and dose (i.e. amount of algaecide that partitions to the algae). The algaecide
formulation and concentration, volume of water, and mass of algae are factors that
determine whether the critical burden and consequent control will be attained. By
understanding the factors that influence the effectiveness of a copper algaecide exposure,
the efficiency of using algaecides in field situations can be greatly enhanced.
The research results in this thesis can provide solutions for problems arising in
“real world” situations. Pertinent questions regarding responses of organisms to and
ecological impacts of management of freshwater resources can be addressed by better
understanding of exposures. Data on the sensitivities of algal species and non-target
animal species to algaecide exposures are important for evaluating the potential efficacy
and risks associated with an algaecide application. Laboratory predictions of the exposure
necessary to elicit the desired response of a specific problematic alga can facilitate
management decisions in field situations. Analysis of factors influencing algaecide
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exposures and consequent responses of problematic cyanobacteria can provide
information for efficient management of water resources.
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